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I. IATTRODUCTION 

The concept of two-dimensional (2D) Fourier 
transformation in NMR was first introduced by 
Jeener (1) in 1971. Since' that time, several hun- 
dred different 2D pulse schemes have been pro- 
posed in the literature. The selection of experi- 
ments that will be described is based on the 
insight they provide into CSle basis ,and generality 
of 2D NMR, and also on the importance for solv- 
ing t h e  most common types of problems. 

The experiments that will be described here 
are (a] 2D homonuclear shift correlation through 
scalar coupling (COSY), Ib) 2D cross relaxation 
spectruscopy based on the nuclear Overhauser 
effect INOESY) and (c) heteronudear chemicd 

. shift correlation of €3 and ' N chemicd shifts 
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through multiple quantum coherence. 
Before addressing those experiments, an 

introduction into the principles and general 
aspects of two-dimensional NMR wilI be pre- 
sented. The anginal 2D experiment, proposed by 
Jeener (l), will be discussed for the simple case 
of non-coupled nuclear spins, for example, the 
protons in chloroform. This will illustrate how a 
2D .Fourier transformation is accomplished and 
also which type of data presentation (absorptive 
/ dispersive t absolute value) is generally prefer- 
rabie. Jeener's original sequence is depicted in 
Figure 1. A t  the end of the preparation period, 
which is sufficiently long to establish a (dose to) 
thermal equilibrium situation, a 90" puke 
appHed along the -y axis of the rotating frame 
(90" -jJ pulse) rotates the magnetization to a 
positlon parallel to the x axis (Fiwre 2a). The 
system then evolves (usually in an unperturbed 
fashion) fer a time t, , which is generally referred 
tb as the evolution period. During this period the 
magnetization rotates through an angle a, t, , 
where 9 ,  is the anguIar rotation frequency of the 
magnetization considered (Figure 2b). At the end 
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d u e s  are separated by an amount A t , ,  this will 
give a spectral width equal to i / (S t , )  after 
Fourier transformation with respect to t, . 

In a regular one-dimensional Fourier trans- 
form experiment, the signal-tu-noise ratio for a 
single timedomain data point can be very p q  

.. I d' 

ii, - w, W1 

Figure 3. (a) A set of spectra obtained with the sequence of Figure lb for increasing durations of the 
evolution period, t, (b) Transposed data matrix of Figure 3a. (c) Fourier transform of the interferw 
g r a m s  of Figure 3b resulting in a two-dimensional stacked line spectrum. (d) The spectrum of Figure 
3c, represented as a contour plot. 

Figure 4. (a) A set of phasemoddated spectra. The phase of the resonance is a linear function of the 
duration of the evolution period, t , .  Both the real and imaginary hsives of the spectra are shown. (b) 
CompIex interferogram taken a t  w 2  = 9,. The first half of the interferogram represents a t, section 
through the real halves of t h e  spectra in Figure $a, and the second half is the interferogram through the 
imaginq halves. A quadrature Fourier transform of this complex interferogram detPrmines the sign 
and the magnitude of the moddation frequency. 
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however, the Fourier transformation takes the 
signal energy of all data points and puts it d 
inb one (or several) narrow resanance he(3). 
Similarly, if for each t, value in a 2D experi- 
ment a spectrum with m r  signal-to-noise ratio 
is obtained, the second Fourier transformation 
with respect to t, combines the signal energy of 
a particular resonance from all spectra obtained 
far different t, values, and concentrates it into 
one narrow line in the 2D spectrum. Therefore, 
the sensitivity of 2D NMR is not necessarily 
lower than for the onedimensional experiment. 

In certain types of experiments one tries to 
transfer magnetization from one resonance ta 
another by means of a coherent process or by 
means of cross relaxation or chemical exchange 
(to be discussed later). In this case the sensitivity 
of 2D NMR can become rather poor if the trans- 
fer process is not very eficient (as is the case in 
coherent transfer through nan-resolved couplings 
or in the case of slow cross relaxation or cherni- 
c d  exchange). However, the analogous one-di- 
mensiod experiment also suffers in sensitivity 
in this case. 

If sensitivity is a crucial problem, the two 
d e s  that should dways be obeyed are: 

I. The acquisition h e  in the t, dimension, 
t, ma. should be at least equal to 1.5 T, . 
2. me acquisition time in the t, dimension, 
t, max, should be chosen as short as possi- 
ble, Le. not longer than absolutely neces- 
sary to obtain enough resolution in the w 1  
dimension after Fourier transformation. 
Since the signal decays as a function of the 
time t , ,  spectra taken for short t, values 
contribu& more to the 2D resonance in&n- 
sity (and sensitivity) than spectra obtained 
for t, values on the order of T, ' or 
longer. 

More discussions on sensitivity of 2D NMR 
can be found in the literature (3-6). 

B. Lineshapes und Transform Techniques 

The spectrum in Figre 3c represents t h e  
cosine Fourier transform with respect to t, of 
the real part of eqn. 2. If interferograms through 
the real and imaginary halves of the S(t, ,u2) are 
Fourier transformed separawly, this gives: 

where '3- has the same meaning as "?', but 
refers to the imaginary data in the F, 
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dimension. A, (wt 3 and D, b, 3 are defined analo- 
gous to eqn. 3. The four terms at the right hand 
side of eqn. 4 are also known as Sm, Sa, Ssc 
and Sss in the older literature (2,7). Clearly, only 
one of the four parts ( S T ,  shows the desirable 
2D absorption mode lineshape. 

The signal of eqn. 2 is modulated in ampli- 
tude by a cosine function. It is impossible ta tell 
from the second Fourier transformation whether 
the modulation frequency, 9 ,  , is positive or neg- 
ative. Of course, for this simple case one knows 
that Ql =a2, and if quadrature detection during 
t, is employed, the sign of the modulation fre- 
quency is determined. However, in many experi- 
ments this is not the case and in order to avoid 
confusion, one has to make sure that all mdula- 
tion frequencies have the same sign by position- 
ing the transmitter frequency at either the low 
or high field side of the spectrum. Because of 
semi tivity considerations, quadrature detection 
in the t, dimension is always necessary, and 
data storage space is w a s W  if the transmitter 
frequency is not set at the center of the spec- 
trum. Also, radiofrequency offset effects may 
become prohibitively severe in certain types a€ 
experiments. 

A simple way around this prabkm is the 
introduction of artscid phase modulation, to be 
described below. If a second experiment, 
"90" +, - 90" yy acquire(t, 1" is performed, 
the signa! detected in this second experiment will 
start out along the y axis (at t, =O) and is mod- 
ulated in amplitude by sin@2, t, ): 

b 

Adding the results of the two experiments, eqm. 
5 and 1, directly together and omitting the 
relaxation terms grves: ? 

Eqn. 6 represents a signal of which the phase 
at time t, = O  is a linear function of the duration 
of E V Q ~ U ~ ~ Q K I  period, t, . Fourier transformation 
with respect ta t, will yield a resonance at 
o2 and with phase Q t  t, : 

S+k,  Pw,> = 
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A set of spectra obtained this way fer a series of 
t, values, is sketched in Figure 4. 30th the red 
and imaginary halves of those spectra are 
shown. An interferogram taken at w 2  =Q2 does 
IIQt contain any of the dispersive components 
since D2Q2}=0, and this interferogram is 
described by: 

where the real part represents the interferogram 
taken through the real part of eqn. 6, and the 
imaginary part OF eqn. 8 is the interferogram 
taken through the imaginary parts of the 
s+ (t, 9,) spectra. This complex interferogram is 
sketched in Figure 4b. A complex Fourier trans- 
formation of eqn. 8 can be made, and h e  sign of 
the modulation fregueney, Q , ,  is automatically 
determined. Any interferogram taken at an w 2  
value different from Q 2 #  will have non-zero con- 
tributions from D, (w2 ), and Fourier transforma- 
tion with respect to t, OF this D, Iw, 1 contribution 
will yield a resonance in the F, dimension that is 
90" out of phase relative to the interferogram 
taken at o2 d2. The full 2D Fourier transform 
of eqn. 6 is given by: 

S 4 @ * P W t )  = 

Clearly, both the real and imaginary part of this 
function are mixtures of absorption and disper- 
sion. The real part of eqn. 9 is sketched in Fig- 
ure 5. The resonance shows a so-called "phase 
twist" lineshape 12), and cannot be phased to 
the pure absorption mode. In practice, an abso- 
lute d u e  mode calculation is usually made 
before display: 

Absolute value = cRe2 +Im2fi (10) 

Since the tails of an absolute vdue mode reso- 
nance decrease proportionid ta *-Ql, this 
resonance shows undesirable tails, decreasing 
resoIution.. 

Nevertheless, this artificially induced phase 
modulation is currentiy the most common way of 
operation for most 2D experiments. The software 
of most commercial spectrometers assume data 
in a 2D experiment ta be phase-modulated, and 
the data matrix transposition routine 

Figure 5.  phase-twisted line shape obtained by 
Fourier transformation with respect to t, of the 
matrix of Figure 4a, 

automatically places the imaginary half of Lhe 
interferogram behind the real half (as & p i c a  in 
Figure 4b1, ready for a second complex Fourier 
transfoimation, this time with respect tu t, . 

The strong tailing of the absolute value mode 
lineshape can be suppressed by the use of appro- 
priate digital filtering. All those filters have in 
common that they reshape the envelope ampfi- 
tude of the time domain data to decay in a near 
symmetrical fashion from the. midpoint of the 
FXD (8). Filters commonly used far this purpose 
are the sine bell function (9), the "pseudoecho 
window" (10) and the convolution difference filter 
(11). Figure 6 compares the cantour ptots for a 
regular absolute vdue mode line-shape, and one 
that has been o b b e d  after the time domain 
data were multiplied by a sine bell in both 
dimensions. Unfortunately, the sensitivity gen- 
erally suffers severely from the use of such reso- 
Iution enhancement filtering functions (the COSY 
experiment, to be discussed later, c a n  under cer- 
tain conditions be an exception to this rule). 

Although phase modulated experiments are 
experimentally very convenient, sensitivity and 
resolution suffer. Another disadvantage of a r t 6  
cid phase modulation, not discussed above nor 
mentioned expIicitIp in the literature, is that only 
h a  of the available signal is used: if the 
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Figure 6. Comparison of t h e  contour plots of 
absolute value mode line shapes. (a) Line shape 
obtained after an absolute value mode calculation 
of a signal that has been multipiied by a negative 
exponentid with a t ime  constant T, = ATl3, 
where AT is the duration of the acquisition time. 
(b) Line shape obtained if the time domain signal 
is multiplied by a sine bell function. The lowest 
contour level is taken at 1112th of the peak 
height. 

difference of the two experiments (eqn. 1 and 
eqn. 5 )  were taken, this gives a signal of the 
shape: 
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The noise in eqns. 6 and I 1  is in principle inde- 
pendent. If only the sum or the difference is 
taken, half of the available signal is wasted! 

C. Two-dimensional Quadmtum and 
Absorption Mode  

As explained above, absorption mode 2D 
spectra can only be recorded if the transmitter is 
placed at either the low or high field side of the 
spectrum. Since data acquisition during t, has to 
be done in quadrature (for sensitivity reasons], 
this type of experiment is very inefficient as far 
as data storage is concerned. Also, pulse imper- 
fections due to resonance offset can become 
severe. A more efficient way to obtain a 2D 
absorption mode spectrum in 2D quadrature, 
was first introduced by Muller and Ernst (12) 
and by Freeman et al.(13) and also by States et 
dJ14L This so-called hypercomplex Fourier 
transformation approach will be described below, 

Consider again the pulse sequence of Figure 
1 and the signal of eqn. 1. A second experiment, 
90" -x-t, -90" x-acquire{t, 1, is performed. The 
signal in the second experiment is initially 
(t2 =O) aIso along the x axis, but is modulated in 
amplitude by sin@, t, 1. The FIJI'S obtained in 
the two experiments, s ( t ,  ,t, 1 and s'(t, ,t2), are 
not co-added this time, but stored in separate 
locations in memory. Hence, fw every t, value, 
two spectra are recorded, one modulated by a 
cosine and the other one by a sine function. 
Fourier transformation of the two sets of spectra 
gives: ' 

A set of those spectra is shown in Figure 7. 
Complex Fourier transformation with respect to 
t, of eqn. 13 gives for the real park 

which represents a 2D absorption mode reso- 
nance. Undoubted€y this will become the accepted 
way of data processing far most 2D NMR 
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Figure 7. (a3 The left hdves of the spectra are 
the absorption parts of the spectra obtained with 
an experiment where the resonance is modulated 
in amplitude by a cosine function, The dispersive 
parts of these spectra have been replaced by the 
absorptive part of the spectra obtained with a 
second experiment, where the resonances are 
modulated in amplitude by a sinusoidal function. 
cb) Complex interferogram taken at wt =a2. 

experiments in h e  near future. 
A slightly different approach for the same 

absorption mode has recently been proposed by 
Bodenhausen e t  al. ( I  5 )  and is based on an idea 
first introduced by the Pines group (16). In this 
so-called TPPI method ( T h e  Proportional Phase 
Increment), the rf phases of all preparation 
pdses are incremented by 90" for consecutive t, 
values. This causes the apparent modulation fre- 
quency to be increased (or decreased] by 
I s t ,  )- l ,  and makes it appear that all rnodula- 
tion frequencies are positive (or negative), and 
therefore allows a red (cosine) Fourier transfor- 
mation with respect to t,. Although, at first 
sight, the hypercomplex and the TPPI methods 
seem tatally different, s cIoser analysis shows 
that the methods are almost identical. Also from 

s problem of two-dimensional quadrature and 

'L 
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a practical point of view there is little difference: 
identical size dab matrices are required and 
identicai data acquisition times are needed for 
the two methods, giving indistinguishable resolu- 
tion and sensitivity in the final spectrum, Com- 
paring the two methods is similar to comparing 
the different ways in which most commercial 
spectrometers versus ~ o s t  of the Bruker spec- 
trometers acquire quadrature information in a 
onedimensional spectmrn. In most spectsome- 
hers two data points, containing the x and y 
information, are sampled simultaneously, 
whereas in most Bruker spectrometers quadra- 
ture information is obbined by sampling at twice 
the rate, and incrementing the receiver reference 
phase by 90" for consecutive sampling points, 
taking only one data point at a time (17). 

Lines in an absorption mode spectrum can be 
so narrow that digitization of the resonances 
becomes a problem. In this case, the highest 
point OF a resonance in a 2D spectrum can be 
reduced by as much as 70%, apparently 
decreasing the intensity of a resonance *m a cm- 
toour plot dramatically. This effect has  been 
observed experimentally. A simple solution to 
this problem is to-zero fill by a number of data 
points equal to the number of signd-containing 
dah points, prior to Fourier transformation. In 
absolute value mode spectra, lines are broadened 
sufficiently by the absoluk value mode calcda- 
tion and use of this zero-filling procedure is 
therefore usuaily not essentid. 

D. Coherence Transfer by Means of 
Radio frequency PuIses 

Classical vector pictures have been used for 
over three decades b explain the mechanisms on 
which many NMX experiments rely (181. How- 
ever, for a description of most of the newer type 
pulse sequences, applied to coupkd spin systems, 
straightforward application o f  those vector pic- 
tures leads to erroneous resdts. E n s t  and CQ- 

workers (19) and ether workers (20,211 have 
introduced a formalism that does allow the use of 
vectar pictures to analyze the behavior of a 
coupled spin system. This operator formalism 
based vector picture is more complicated than is 
the use of the classical picture based on the 
Sloch equations, but is much less tedious than 
use of the density matrix formalism. The new 
approach will be briefly discussed for a homonu- 
d e a r  weakly coupled two-spin system. Two 
weakly coupled spins, A and B, will be consid- 
ered. 

The total net magnetization of spin A equals 
the vector sum of the magnetizations of the two 
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doublet components (Figure 8). As in the dassi- 
cal vector picture, the vector sum of the two 

A c 

Figure 8. (a) Arbitrary orientation of the two 
magnetization v w r s  of the doublet components 
of nuclei, A. (b) The ve-r sum of the two 
doublet components. (c) The difference between 
the two doublet components, representing anti- 
phase magnetization. 

doublet components is represenmd by a vector IA 
that can be decomposed in the standard fashion 
inta its components along the principal axes of 
the rotating frame (Figure 8b): 

IA = 
(151 

m s ~ I ~ + s i n W c o s @ ) I ~ ,  + sinWsin(4)IAy 

This v e r  sum is the sum of the in-phase cam- 
ponents of the two doublet magnetization vec- 
tors. The antiphase components of the two doub- 
let magnetization vectors do not contribute ta IA 
in this picture. Since those components are oppo- 
site b each other, they do not contribute to mac- 
roscopic observable magnetization. Of the anti- 
phase components of spin A, one component 
corresponds to spin B in the m=1/2 spin state, 
and the other ta the m=-1/2 state .  This anti- 
phase magnetization can then formally be writ- 
ten as 21AIBz. The factor "2" in this product is 
needed for normalization. The new formalism 
treats the individual terms in such a product as 
normal magnetization, in the classical way. 
h order b make the description more 

explicit: consider the effect of a 90". p u h  
applied to the two-spin system that is initially in 
thermal equilibrium. The magnetization (Th f 
I3J gets rotated to a position parallel to the -y 
&*, and thus creaks+?Ay+IBy). The magne- 
tization of the two nuclei c a n  be considered sepa- 
rately, and we will concentrate OR the fate of the 
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A spin magnetization. This will rotaate with 
angular frequency, QA, about the z axis and the 
two doublet components will periodically (with 
period UJ) get in antiphase. These two processes 
can be considered separaely: 

Substitution of eqns. 16b and 16c in 16a then 
gives the complete evolution of the magnetiza- 
tion. The interesting terms in eqn. 16 are the 
products I&Bz,and 1~9~~. Cansider a 9@ 
pulse applied ta such a tern: 

eqn. 17a shows how antiphase A spin magneti- 
zation gets converted into antiphase 3 spin 
magnetization by a 90" pulse applied perpendic- 
ular to the doublet mdgnetization vectors. This 
important result is the basis of deener's original 
experiment when applied to a homonuclear 
coupled spin system. Eqn, 17b contains the 
product 1 ~ x 1 ~  and is harder to visualize; this 
term represen% so-called two-spin coherence, a 
combination of zero- and double quantum coher- 
ence. .The time evolution of the product equals 
the product of the time evolution of the individual 
tern; Le. the time evolution of 1~x13, is given 
bY 

[cos@Bt)IBy - sin @Bt)lBxl (la) 
The operator formalism is easily extended to 
more spins by considering product terms of all 
spins involved. For a more complete description 
of this extremely useful formalism, the reader is 

*In order to be consistent with conventions used 
in t h e  paper by Sorensen et dJ.(19), describig 
the operam- formalism, we adopt here the con- 
vention that a 90", rotates the magnetization 
anti-clockwise around the x axis, Le. from the z 
to the -y axis. 
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referred to the literature ( 19-2 1). 

II. HOMONUCLEAR SHIFT CORRELATION 
THROUGH SCALAR COUPLING 

Jeener's original 2D pulse scheme can be 
considered as a convenient alternative for the 
conventional onedimensional double resonance 
experiments, and is often refend to as the 
COSY (COrrelated Spectroscopy) experiment. A 
complete quantum mechanical description of the 
experiment was presenkd by Aue et  al.(22) but 

experiment. Only in the early 1980's the wide- 
spread appIicability of this technique was real- 
ized (23-27). The basic pulse scheme has already 
been discussed in the previous sections. Here a 
90" x- t, - 90" 4 - acquire(t, 1 pulse scheme is 
used, where the phase 4 OF the final pulse and 
the mode of data acquisition are selected as indi- 
cated in Table 1. This means that a minimum of 
four eqesiments is performed for each t, value 
with the phase of the f la l  90" pulse incre- 

1 did not contribute much to the popularity of the 

Table 1 .  Cycl ing of the phase o f  t h e  
observe pulse, 4, and of the receiver 
i n  t h e  various steps of the COSY 
experiment i n  order t o  obtain phase 
modulation and to d e t e c t  the coherence 
transfer  echo. 

independent of the magnetic field strength, i.e. 
independent of magnetic field inhomogeneity, and 
consequently an echo will occur. The entire 
four-step experiment is often repeated four times 
with the phases of all radiofrequency pulses and 
receiver incremented by 90" each time. This 
additional so-called CYCLOPS cycling (291 elimi- 
nates imperfections in the quadrature detection 
system of the spectrometer which otherwise may 
cause small mirror image signals about the 
w 2  = O  andw, = O  axes. 

The COSY experiment reties on transfer of 
magnetization from spin A to spin X by the sec- 
ond 90" puke in Jeener's experiment, and can 
only occur if spin A and X are mutually Coupled. 
The mechanism for this magnetization transfer 
has been discussed in the previous section: eqn, 
17a shows how spin A doublet components that 
are in antiphase with respect U spin X are 
transferred into X spin doublet components that 
are in antiphase with respect ta spin A. The 
amount of antiphase A-spin magnetization pres- 
ent before the second 90" transfer pulse depends 
on sinInJmt, 1. The magnetizakion observed 
during t, starts out in antiphase and is propor- 
tional sin{rJ&, 1. The time domain signal For 
the magnetization transferred from A to X is 
given by 

Step 4 Receiver 

1 X + 
2 Y 

- X  + 3 
4 'Y 

- 
- 

- .. . 

1 

mented by 90" each time and data alternately 
added ta and subtracted from memory. This way 
of phase cycling results in detection of the 
s - ( t ,  ,t2) signal of eqn. 11, often referred to as 
the coherence transfer echo (28). The Occurrence 
of the echo is easily understuod by considering 
that in eqn. I f ,  and Qt2 have approximatdy 
the same value (in the Iaboramy frame). There- 
fore, at time t, =t2, the phase of the magnetiza- 
tion, expE@,t, -Q, t, )I, is b first order 
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Note that for very short t, d u e s  only very IittIe 
magnetization is transferred from A to X. 
Rewriting: 

and substitution in eqn. 19 shows that the 
Fourier transformed simd S- (0, p2 1 will show 
four peaks at (wI p w , ) = ! - 2 ~ + ~ J ~ ,  i?~frrJ&, 
and that those resonances show antiphase rela- 
tionships, as schematically indicated in Figure 9. 
Also indicated in Figure 9 are the "diagonal 
resonances," due to magnetization that is not 
transferred from A to X or from X to A, and 
which are 90" out of phase relative ta the cross 
peaks. It is therefore impossible to phase all 
resonances in this spectrum simultaneously to 
the ZD absorption mode {unless the pulse scheme 
is altered (3011, and an absolute value mode cal- 
culation before display is therefore commonly 
used. The artificid phase modulation scheme 
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Figure 9. Schematic diagram of the 2D COSY 
spectra of an AX spin system. The four compo- 
nenh of the AX cross multiplet are  pairwise in 
antiphase, whereas the four diagond multiplet 
components are 90" out of phase in both dimen- 
sions relative to thc cross peaks. 

(discussed before) therefore does not degrade 
perfomance of the experiment very much. Also, 
since the cross peak time domain signal has an 

sin{rJmt, )sin@J&, ), and acquisition times 
in the t, and t, dimension are typically 100-300 
ms, use of a sine bell digital fiber is close ta a 
matched fdter for those signals and favors the 
sensitivity of t h e  cross rndtipIets, meanwhile 
cutting down the intensity of redundant diagonal 
peaks which have a cos(rrJUt, ) c o s ( ~ J ~ ~ t ,  } 
dependence. 

Figure 10 shows the COSY spectrum for a 
25 mM solution of amphotericin I3 in DMSO-d,, 
recorded on a Nicolet 500 MHz spectrometer. 
512 t, increments of 300 psec each were used, 
and 512 complex data points were acquired for 
each t, value. The artificial phase modulation 
scheme (Table 1) was employed and the total 

.measuring time was 4 h. Note that in the regu- 
lar one-dimensianal spectrum many of the 
coupIings are  not or poorIy resolved. However, a 
wealth of cross peaks can be observed in the 2D 

envelope amplitude proportional to 
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Figure 10. 500 Mwz absoiute vaiue made COSY 
spectrum of a sampIe of amphokricin B in 
DNSOd, . 16 experiments were performed for 
each t, value, and the total duration of the 
experiment was 4 h. -4 sine bell has been used 
in both dimensions prior to Fourier transforma- 
tion, 

spectrum. For example, it is seen that proton Z 
is coupled to methyl group 38 (broken h e  in 
Figure 10). 

Many users of the COSY experiment are 
often puzded by the absence or Iow intensity of 
certain cross peaks. For example, the cross 
peaks between protons I and 2 in Figure 10 
have too  OW an intensity to be observed in the 
contour plot. In general, it is hard to calculah 
exactly how intense a cross multiplet will be, but 
two factors that are of major importance will be 
mentioned below. 

1. A proton that is coupled tci a large num- 
ber of other protons will show rather low 

1 
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inten& for its individual ID multiplet 
components. In the COSY experiment, this 
low intensity will now be redis~bubd 
among all protons to which it is coupled by 
the mixing pulse, yielding very low inten- 
sity far the cross multiplets. The effect is 
particulady severe for cross peaks between 
two multiplets that bath have a complicaml 
multiplet struckUte. 
2. If transverse relaxation times, T,, are 
short compared with Jm-I, the transfer- 
red magnetization in eqn. 19 will never 
assume a large value and therefore only 
(vanishingly) Iow intensity cross peaks can 
be observed. 

From point 1, it is clear that a large coupling 
does not necessarily give rise to an intense cross 
peak. However, if acquisition times ttrnax and 
t, are chosen short I< 100 ms3 this will rela- 
tively emphasize cross peaks due to large scalar 
couplings. Recently, i t  has been shown that If the 
size of certain couplings can be estimated, a 
"designer" fifker can be used to pick up those 
missing cross peaks (31). 

III. HOMONUCLEAR CREMICAL SHIFT 
CORRELATION THROUGH CROSS 

RELAXATION 

In the COSY experiment, magnetization is 
transferred from one proton to another through 
the scalar coupling mechanism. This experiment 
relies on the existence of (partidy) resolved sca- 
lar couplings. Another way to'transfer rnagnetf- 
zation between nuclei is the cross relaxation 
mechanism, which relies on the internuclear 
dipolar interaction, This mechanism is generally 
referred ta a5 the nuclear Overhauser effect 
WOE). The 2D pulse scheme that is based an 
the NOE effect is generally known as the 
NOESY experiment. This experiment was first 
proposed by Ernst, Jeener et  al.(32,33). It is 
mentioned here that the same experiment can 

+. .&a be used for the investigation of chemical 
A:' exchange processes. Obviously, no resolved 

couplings are needed for this experiment; the 
experiment tends to work very well for macro- 
molecules which have a slow tumbling rate and 
therefore less ideal averaging of the dipolar 
coupling mechanism. This is the reason for 
strong cross relaxation and causes line broaden- 
ing in the conventional ID spectrum and also in 
the 2D spectrum. 

The pulse scheme is sketched in Figure 11 
and the mechanism on which this 2D experiment 
relies will be briefly discussed below. Assume 
for reasons of simplicity that all pulses in the 
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scheme are applied along the x axis of the rotat- 

Figure 11. Pulse scheme of the 2D experiment to 
detect homonuclear cross relaxation and chemical 
exchange. The phases of the xf pukes , 9, and 
9, , and of the receiver are cycled according ta 
Table 2, and the results of the odd and even 
steeps are shred in separate locations in memory 
and processed as described in thb text in order to 
obtain an absorption mode spectrum. 

ing frame, and consider a molecule with two, 
spins A and 3 that have no mutual scalar 
couphg. The longitudinal rnagnetizatim of spin 
A, just after the second 90" pulse, is given by: 

During the mixing period of duration, A, cross 
relaxation with spin B takes place, changing the 
longitudinal B spin magnetization by an mount  
C[M,A(t, > - M z ~ ( t ,  >I and the A spin magnetiza- 
tion by the opposite amount, where C is a con- 
stant depending on the cross relaxation rate, the 
hgitudind reiaxation rates, and the duration, A. 
Just before the Fmal pdse, the longitudinal B 
spin magnetization is thus given by 

where flM,~(t,)? is a function depending on khe 
relaxation of proton B during the delay, A, and 
on the modulation of the B spin magnetization by 
the first two pulses in the sequence. It is t h e  
second term at t h e  right hand side of eqn. 22 
that is the term of interest, since this term is due 
to cross relaxation from nucleus A to 3. The 
find 90" pulse converts this term inta tran- 
sverse B magnetization which follows from eqns. 
21 and 22: 
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fable 2. Phases 4 7  and 43 o f  the pulses 
i n  Fig. I t  i n  t h e  various steps of the 
experiment. Phase 42 i s  x f o r  a l l  16 
steps. Data of odd and even steps are 
stored separately i n  t h e  computer 
memory I 

5 t e p  91 43 Receiver 
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This signal is of the same shape as eqn. 1, and 
2D Fourier transformation will therefore give a 
resonance at (0, pw,)=@*,Q$. In contrast 
with the COSY experiment, diagonal and cross 
peaks in the 2D spectrum will all have the same 
phase, exactly opposite phase, depending on 
the rnotimd correlation time, rC. It is therefore 
strongly desirable to record the spectrum in the 
absorption mode, using the procedure outlined in 
Section IC. In order to eliminate transfer 
through scalar coupling (the COSY mechanism) 
further phase cycling is necessary. In practice a 
16-step sequence (Table 2) is often used and 
additionally, this 16-step sequence is repeated 
four times in the CYCLOPS mode (29)  in order 
to eliminate quadrature artifacts. Remaining 
coherent transfer through zero and triple q u a -  
tum coherence, that is not cycled out this way 
can largely be eliminated by random fluctuation 
of A by a smail amount (5%),  provided that the 
frequency of this zero or triple quantum coher- 
ence is larger than ZQlA Hz. 

If the cross relaxation is slow compared ta 
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the longitudinal relaxation, maximum transfer 
from spin A to B, and vice versa, occurs for a 
mixing t h e  on the order of the shortest T, of 
the two spins involved, Hence, From a sensitivity 
point of view, a mixing time on the order of T, is 
optimum for the detection of cross peaks. How- 
ever, if one wants to obtain quantitative infor- 
matian about the relaxation rates, one has to 
consider that the cross peak buildup rate (as a 
function of A) is non-hear (32-36). The simplest 
way around this problem is to consider oniy 
short mixing times, for which the NOE buildup is 
still in the linear region (35,361, but this 
approach necessarily leads to smaller CTQSS 

peaks, Le. lower sensitivity. 
As an example, Figure 12 shows a contour 

plot of the 2D NOE spectrum of amphotericin B, 
showing a large number of cross peaks, obtained 
for a mixing time of 200 ms. Analysis of the 
cross peak netwark does n ~ t  only provide assign- 
ment for all "H resonances in this compound, 
additional to that obtained from the COSY spec- 
trum of Figure 10, but also gives information 
regarding the threedimensional structure in 
solution. 

IV. INDIRECT DETECTION OF ' N 
THROUGH MULTIPLE QUANTUM 

COHERENCE 

Dewction of N shifts is limited by i t s  low 
NMR sensitivity, which is due to the small and 
negative value of the magnemgyric ratio and ta 
the low natural abu, dance '3.37%'0). The fact that 
the magnetugyric ratio, y, is negative can cause 
signal canceilation in the case of incomple& 
nuclear Overhauser enhancement. NMR sensi- 
tivity is approximately proportional to y 5  ' ' (37) 
and is therefore about a factor of  300 lower for 
N than for PrQbnS, which implies 3 factor of 

100000 difference in measuring time. It has been 
demonstrated that the INEPT experiment 
(38,391 c a n  dleviak this ptohlem to a certain 
extent, but nevertheless detection remains diffi- 
cult. Bodenhausen and Ruben (401 demonstrated 
that the N frequency could be measured indi- 
rectly via the protons directly coupled to the N 
nucleus. Their rather complicated sequence 
transfers proton magnetization to the N, 
which then evolves during the evolution period of 
the 2D experiment, before being transferred back 
M the protons which are detected during the 
acquisition time in this experiment. A much sim- 
pler alternative, that reIies on the same principle 
as this "Overbodenhausen experiment'' has been 
proposed rather recently (4 1,421. Experimental 
results indicate that with this new experiment 
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Figure 12, Two-dhensiond NOE spectrum of 

mixing time of 200 ms. The top trace displays 
the cross-section taken through the 2D spectrum 

proximity to Me39, Me40, H2, H4, and H5. The 
cross-peak with H3 (3.12 ppm) is much h e r  in 
intensity suggesting a larger distance. The mix- 
ing time (200 ms> is not short enough to exclude 
relayed NOE eEfects, and quantitative interpre- 
tation of cross peak intensities is not feasibie 
from this single spectrum. 

I amphotericin 3, recorded at 500 MHz, using a 

at the chemical shift of H1, showing spacial r 

the theoretical enhancement factor of 300 r e d y  
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can be abtained (43). The experiment works only 
for protonated I S N  nuclei. Consider the energy 
level diagram of an isolated 1 M-1' N pair (Figure 
13). The broken Iines represent the two (weak) 

pt 1- 

Figure 13. Energy level diagram and wave func- 
tions for a l sN-LH spin pair. The insensitive 
l 5 N  resonances (broken lines) are measured 
indirectly by measuring the zero and double 
quantum resonances (dotted lines) via the proton 
resonances (solid lines). 

"N transitions. The solid limes represent the 
(intense) proton transitions. The basic concept of 
the new experiment is t~ generate the dotted 
transitions (zero and double quantum), that 
resonate with frequencies Q B ~ O N .  If those fre- 
quencies are  measured indirectly, with a 2D 
experiment, the N frequency can be calcdated 
since t h e  psobn frequency, RH, is known, 

The pulse scheme of the experiment is shown 
in Figure 14. The lH 180" pulse at the center of 
the evolution period and the * N decouphg dur- 
ing data acquisition are optional and will, at 
first, not be taken into account. The theory of the 
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Figure 14. Purse scheme of the experiment for 
indirect detection of N through multiple quan- 
tum coherence. The first pulse applied to the 
protons can be of the Redfield type or of the 
1-3-3-1 type and does not require additional 
phase cycling. (b) The 180" 'H pulse appIied at  
the center of the evolution period interchanges 
zero and double quantum coherence and causes 
elimination of the l I -3  frequency cantribution in 
the F, dimension, leading to a regular hetero- 
nuclear shift correlation spectrum. The "N 
decouphg during acquisition removes heteronu- 
clear coupling from the F, dimension and, in 
principle, doubles the sensitivity of the experi- 
ment. In both (a) and (b), the phase of the first 
90" l N pulse is cycled according ta Table 3. 

experiment is most easily described with the 
operabr formalism, weaced in section ID. The 
protan 90" pulse creates magnetization along the 
-9 axis of the rotating frame, which then evolves 
for a time A: 

If the delay, A, is set to IICZJNH), only the sec- 
ond term at the right hand side of expression 24 
'survives, and a 90" N pulse applied at this 
time will generate product terms I H & ~  and 
I H ~ I N ~ .  The sine and cosine coefficients wiU be 

Table 3-  Phase o f  t h e  f i r s t  I S N  p u l s e  
i n  the pulse scheme of  F i g .  1 4  and t h e  
mode of  da ta  collection for detection 
of the doubIe (OQ) and o f  t h e  zero 
quantum (ZQ) component. 

1 X X X 

2 Y 'Y Y 
3 - X  -X "X 

4 'Y Y ' Y  

omitted te simplify the expressions. During the 
evolution period, those product berms evolve 
according to: 

b S @ &  11% f sin(RHt, )I& X 

Icos@Nt, )INy-Sin@Nt, )INXI (25) 

N pulse converts those two-spin 
H rnagrietiza- 

The final 90" 
coherences back into observable 
tion. If aI1 terms are taken into account, a.90' 
N pulse generates an observable signak 

M , , p x p E i @ ~  fr J m ) ( t l  + t, ) I c o s @ ~ t ,  1 

and if the first 90" 
the -y axis, the second 90" N pdse generates I 

( 2 6 4  

'N pulse were applied dong 

If either of those two signals is used separately 
to calculate a 2D spectrum, two resonances in 

ing the zero and double quantum frequencies, 
respectively. The results of eqns. 26a and 26b 
can be combined in the usual fashion (eqns. 6 
and II )  to give either the double or the zero 
quantum frequency in the 2D spectrum. Because 
the zero quantum resonance in the 2D spectrum 
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is centered at i#,eJ,1 = @,t.Q,p~)? the com- 
puter can subtract a frequency w 2  from all w ,  
coordinates, to yield a pure chemical shift corre- 
lation map, with resonances centered at @N,QH). 
Broad-band "N decoupling during the detection 
period can be used to eliminate the effect of het- 
eronucbar mupfing in this experiment. 

If the first I J N  90' pulse is applied along 
the -x axis, the signal of eqn. 26a will be 
detected with opposite sign. Since signals from 
protons not coupled to $ N  will not know about 
this phase shift and their shape will be 
unchanged in the ~ W Q  experiments, subtraction of 
the two experiments will give cancellation of the 
signals of probns that  are not coupled to I5N. 
Hence, the "N satellites in the 'H spectrum 
can therefore be detected, not hampered by the 
600 times stronger signal from protons mupled 
ta "N. In total Tour experiments wil1 be per- 
formed for every t, value, with the phase of the 
first N pulse cycled along all four axes. 

As an example, Figure 15 shows the zero 
and double quantum spectra of a 30 mM solution 
of a-thymosin, dissolved in 90% H, OIlW D, 0. 
Spectra were recorded on a modified Nicolet 300 
MHz instrument, and the total measuring time 
was approximately 12 h. The sign& of eqns. 
26a and 26b were stored in separate locations 
and spectrum (a) was cornputat& from the 
double quantum signals and (b) was cornputakd 
from the zero quantum signals, using the same 
two sets of acquired data. 

In practice, application of the sequence of 
Figure 14b can sometimes be more W i c d t  for 
natural abundance samples than the sequence of 
Figure 14a. This is due to the high power N 
decoupling during data acquisition, which can 
cause a slight perturbation of the * H  lock signd. 
A very stable lock signal is required b allow 
complete elimination OF the 600 times stronger 
signal from protons coupled to * N. 

As pointed out in Section I, it is desirable to 
record spectra in the absorption mode, both from 
a viewpoint of sensitivity as well as resolution. 
However, in this experiment the data are truely 
phase modulated (net artificially induced). Can- 
version to amplitude modulation is possible by 
insertion of a 180" pulse at the center of t h e  
evolution period (44). However, in the case 
where the. proton also has homonuclear coupling, 
phase rnoddation cannot be avoided and pure 
abs~rption mode spectra cannot be recorded. A 
nice feature of the simplest form of the experi- 
ment is that it utilizes only one pulse for the 
observed protons. This pulse can be of arbitrary 
flip angle; a small flip angle allows a faster rep- 
etition sate and consequently will yield somewhat 

I '  

I' 
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Figure 15. Zero and double quantum natural 
abundance lH-l ' N spectra of a 30 mM solution 
of a-thymosin in If, 0. Spectra were recorded on 
a modified NicoIet 300 MHz instrument, and 
both spectra are obtained from the same set of 
acquired data. The total measuring time was 
approximatdy 12 h. The spectra were kindly 
provided by Dr. David Live and Dr. Donald 
Davis. 

higher sensitivity. More important is the fact 
that any type of pulse can be used for this proton 
excitation. For example, a W e l d  warm sup- 
pression or a 1-3-3-1 water suppression pulse 
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c 3 n  be used, making it feasible to use this exper- 
iment in H, 0 solution. Of course, the experiment 
is not limited lo the indirect detection of l s N  
resonances. The technique has also great prorn- 
ise for metabolic NPVZR studies in vivo, by using 

a C labeled starting materid. 

V. DISCUSSION 

Although only a small number aut of the 
large collection of two-dimensional NMR experi- 
ments has been treated here, it wilI be dear that 
the 2D approach extends the capabilities of NMR 
experiments enormously. Many applications of 
2D NMR in organic and biochemistry have 
appeared in the recent literature. On modern 
NMR spectrometers, utilization of the various 
two-dimensional experiments has become rather 
simple by the introduction of suitable support 
software and spectromeer documentation. The 
main problem the inexperienced spectroscopist 
has to face is which experiment ta choose and 
which results b expect. A comprehensive guide 
on this subject has not yet appeared, but in gen- 
eral i t  is usually a good idea to apply the stan- 
dard experiments before attempting to use a 
more sophisticated version of those experiments. 
It is expected that the number of experimental 
pulse schemes stiU.wil1 expand significantly, but 
once the spectroscopist realizes that aIl those 
methods are small variations on the same theme, 
the collection of 2D experiments will appear less 
bewildering and practical application of thaw 
techniques becomes much simpler. 
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